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Optical image processing to determine the optical
properties of cellular membranes
M. L. Calvo, M. Chevalier, and C. Carreras
In this paper we present a theoretical model for the transmission function of a biological cell. Three differ-
ent cases are considered: real transmission function, pure phase object, general case, where both real and
complex terms are present in the transmission function. In all cases we studied the response in the Fourier
plane. Comparison of the proposed models leads us to conclude that the most correct treatment would come
from the general case, where it was found that the membrane contribution predominates in the total dif-
fracted amplitude distribution.
1. Introduction
For many years scattering techniques have been a
useful tool to determine physical parameters of small
particles, 1 ' 2 e.g., a biological cell. If the call is assumed
to be formed by two concentric spheres, the scattering
pattern can be given by the Lorentz-Mie theory.
Even if the scattering techniques give information
about the object in three dimensions, a biological cell
can also be considered a bidimensional object in which
the different regions contributing to the cellular mor-
phology do not have the same optical properties and,
hence, different transmission coefficients,3 that is, the
cell can be treated as an inhomogeneous object. On the
other hand, it is well known that it is possible to repre-
sent the optical behavior of a biological cell in a simple
way by assuming it formed by two concentric circles, an
inner one corresponding to the nucleus and an outer one
representing the cytoplasm.4 Thus, a transmission
function with circular symmetry is defined for the cell,
where only two transmission factors are considered.
Anyway, important chemical reactions take place in the
external zone of the cell formed by the membrane, in the
sense that for a healthy cell the optical properties of the
membrane could in fact be different from those corre-
sponding to an unhealthy one. Thus, to include addi-
tional information corresponding to the membrane, a
new theoretical model is considered in which we have
included a gradual variation in the chemical composi-
tion of the membrane. It is then a fair approximation
to associate it with a gradient for the refractive index,
varying slowly from the cytoplasm-membrane bound-
ary to the external surface of the membrane. The
simplest function representing the transmission factor
for the membrane would then be a parabolic func-
tion.
11. Mathematical Model for the Transmission
Function of a Biological Cell
A. General Case
The most general treatment for a biological cell leads
to the introduction of a transmission function t(r),
where both the amplitude term representing the at-
tenuation coefficient and the exponential term repre-
senting the complex phase have to be considered.
However, it is also possible to make several assumptions
in order to study the cell as a pure amplitude and a pure
phase object. In all these cases the intensity responses
in the Fourier plane have been calculated by applying
a Bessel-Fourier transform to the associated t(r); con-
sequently it is possible to obtain a range of values for the
spatial frequencies. 5 Accordingly
t(r) = A(r) exp[i1(r)].
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(1)
The attenuation coefficient A (r) is defined (see Fig. 1)
as
tN r dN/2,
A(r) = tc dN/2 r d/2,
ttM(r) dc/2 r dT/2,
(2)
where tN and tc are constant factors associated with the
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Fig. 1. Theoretical model for the real transmission function of a
biological cell.
* nucleus and the cytoplasm, respectively, and tM is the
factor corresponding to the membrane represented as
(3)
here dN, dc, and dT are the diameters corresponding
to the nucleus, the cytoplasm, and the total cell, re-
spectively.
The phase term c1(r) is expressed as dictated by
geometrical optics as
3
1(r) = k A hi, (4)
and it contains'the contribution of the different profiles
of the cell as well as the variation in the refractive index
of the corresponding zones of the cell. The factor k
which appears in Eq. (4) is the wave number. Then
4(r) is defined as
(PN
O(r) = 4fc
(DM
0 r s dN/2,
dN/2 r • dc/2,
dc/2 r • dT/2.
As a first approximation, (PN, (PC, and IM are constant
phase factors associated with the nucleus, the cyto-
plasm, and the membrane, respectively.
The transmission function defined in Eq. (1) be-
comes
tN exp(i(DN)
t(r) = tc exp(i'Ic)
tM(r) exp(i(M)
0 r dN/2,
dN/2 r s dc/2,
dc/2 r dT/2.
Let us consider an incoming monochromatic plane
wave propagating from the remote past. This plane
wave illuminates normally the object plane where the
cell is placed. The complex amplitude distribution in
the Fourier plane is given in terms of the Bessel-Fourier
transform of the transmission function t (r) defined in
Eq. (6). Thus
'(R) = exp(ikz) exp(ikR2 /2z){B[t(r)]J, (7)
iXz
where r is the radial coordinate in the object plane and
R is the radial coordinate in the Fourier plane. By
substituting Eq. (6) into Eq. (7) and operating conve-
niently we obtain (R) as the sum of three separate
terms:
41(R) = exp(ikz) 3(ikR2/2z) 1A(p)
iXZ [1 p=R/Xz
where
d2 Jl(lrpdN)Ai(p) = [tN exp(i'IN) - tc exp(ic)] dN____
4 7rpdN
A2(p) = tc[exp(itIc) - exp(iMI dc Jl(pdc)4 irpdc
tM - tc 4Jl(7rpdC)
+ exp(i4 M) (dT - dc)2 0.08334db 7rpdc
- exp(i@M) tM - t [dC J2(7rpdc)(dT - dc)2 2rp 7rpdc
- 0.05dc Jl7rpdc)j
d2TJl(7rpdT)
A3(p) = tc exp(i 4'M) - l(__T
4 7rpdT
+ exp(i<M) dTJl(7rpdT) tM - tC
4 +rpdT (dT - d)2
X (d2 - 1.3334dcdT) + exp(i 4 M) tM - 2C ~~~~~~(dT - dc)2
dT J2(7rpdT) dTJ3(7rpdT)
27rp rpdT 4 7rpdT
+ 0.2d'dc J3(7rpdT).
7rpdT 
(8)
(9)
(10)
(11)
The A1(p) contribution corresponds to the diffraction
pattern due to the nucleus. It is given in terms of an
Airy function whose argument depends on the radius
of the nucleus; it is affected by a transmission factor
given as the difference between the transmission factors
of the nucleus and the cytoplasm, respectively. All the
cytoplasm spatial frequencies are included in the A2 (p)
contribution. The first term on the right-hand side of
Eq. (10) represents the pure diffraction pattern due to
the isolated cytoplasm. The factor multiplying it comes
as a consequence of the discontinuity in the phase terms
associated with the cytoplasm and the membrane, re-
spectively. The other two terms appear since the at-
tenuation coefficient is continuous at the cytoplasm-
membrane boundary. Finally, in the A3 (p) contribu-
tion all the membrane spatial frequencies are present.
As in the two above-mentioned equations, the first term
is due to the pure membrane diffraction. The second
term on the right-hand side of Eq. (11) is also the result
of the continuity in the attenuation coefficients. The
second- and third-order Bessel functions appearing in
the last term come from the parabolic behavior of the
membrane attenuation coefficient. The total intensity
response in the Fourier plane is directly obtained by
squaring Eq. (8).
All the Bessel functions with orders higher than three
have been neglected in the above expressions. It is a
good approximation as their contributions to the exact
formula are very small.
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B. Real Transmission Function
Let us assume that the profile effect is negligible.
then d(r) = 0 in Eq. (1) and the real transmission
function is defined by Eq. (6) where the complex terms
now disappear. The complex amplitude distribution
in the Fourier plane is still expressed as in Eq. (8) but
several differences appear in the Ai terms. Thus
d' JlQ(rpdN)Al(p) = (tN -tC) - (12)
4 rpdN
A2(P) tM - tc 0.08334d J(7rpdc) (tM - tc)
(dT - dc) 2 7rpdc (dT - dc) 2
d2 ' J2(rpdc) J3(7rpdc)J(3C J(rd)_0.05d4 3 PC] (13)27rp 7rpdc C rd
A3(p) = tCd J(7rpdT)
4 irpdT
d+ tM - tc JO(7rPdT) (d2 - 1.3334dcdT)
4 (T - d 7rpdT
+ tM - tc FdT J2(lrpdT) d-TJ3 (rpdT)
(dT - dc)2 27rp rpdT 4 -rpdT
+ 0.2d,'dc J3(pdT) (14)
rpdT
The physical meaning of Eqs. (12)-(14) remains the
same as in the general case explained before. Anyway,
the most important difference appears in Eq. (13),
where the term for the phase discontinuities between
the cytoplasm and the membrane has disappeared.
C. Pure Phase Transmission Function
A second particular case of Eq. (1) would come by
assuming the attenuation coefficients equal to unity in
the whole cell. Thus we regard the latter as a pure
object phase. Then, in Eq. (6) only the complex terms
remain. Note that in this case the squared modulus of
the transmission function is equal to unity. Physically
that means that the cell is supposed to be transparent.
Operating in the same way as in the preceding section
the complex amplitude distribution given in Eq. (8) is
expressed in terms of the new Ai functions as
2 J(rpdN) (5Ai(p) = [exp(i'I'N) - exp(i4c)] 4 (15)
4 rpdN
A2 (p) = [exp(i'bc) - exp(i1?M)] d (16)4 7rpdc
A3(p) = exp(iIM) dTJ(1 rpdT) (17)
4 7rpdT
From Eq. (15) we deduce that the pure diffraction
pattern due to the isolated nucleus would come from the
differences between the phase terms associated with the
nucleus and the cytoplasm, respectively. The same
interpretation remains for the cytoplasm. Equations
(16) and (17) are simpler than in the real transmission
function case. Basically, two reasons exist for this re-
sult: continuity in the attenuation coefficient has been
removed; the parabolic behavior for the membrane has
been lost. On the other hand, in Eq. (17) the factor
multiplying the Airy function depends only on 4 M, as
the diffraction takes place in the external boundary
separating the cell from the surrounding medium; (note
that a vanishing phase is associated with the latter).
111. Numerical Results
To understand the variation of the 'total intensity
distribution of a diffracted field by a biological cell with
the proposed mathematical model, some numerical
estimations have been carried out. For that purpose,
the following physical parameters have been as-
sumed:
Incoming radiation wavelengths: A = 632.8 nm.
Nucleus attenuation coefficient: tN = 0.8.
Cytoplasm attenuation coefficient: tc = 0.9.
Membrane attenuation coefficient: tM = 1.0.
Nucleus total diameter: dN = 2 X 10-5 m.
Cytoplasm total diameter: dc = 7.9 X 10-5 m.
Cell total diameter: dT = 8.0 X 10-5 m.
Equivalent focal length (corresponding to a plana-
chromatic microscope objective with 100X magnifica-
tion): f = 0.148 m.
A. Numerical Results for the General Case
Using these physical parameters, the three separate
contributions to the total diffracted amplitude distri-
bution given in Eqs. (9)-(11) have been computed. The
results obtained are displayed in Figs. 2-4. The total
diffracted amplitude is shown in Fig. 5, the total dif-
fracted intensity distribution is shown in Fig. 6. The
most important contribution comes from the parabolic
behavior of the membrane attenuation coefficient. In
all cases the different values for the phases 41 have been
assumed, varying from c1 = 0 to P = 7r/2 and from 4 =
7r to 4 = 37r/2. The maximum contributions with
physical meaning for the nucleus, the cytoplasm, and
the membrane have been found for the following phase
values: 4?N = /8, bc = 0.01, and (?M = 97r/8.
We note that the three partial contributions, as well
as the total one, oscillate strongly due to the exponential
term exp(ikR 2/2z). Anyway, it is easy to see that the
distributions of the pulses in the three partial contri-
butions do not coincide with one another, and their
corresponding profiles appear to be quite different.
This seems to be an interesting result and could be an
important source of information in the Fourier plane
response. Note that this effect is enhanced as the dif-
fraction pattern is very extended in the Fourier plane.
The total diffracted intensity distribution displayed in
Fig. 6 presents a high central maximum and two weaker
secondary maxima as was expected from the circular
symmetry of the object.
B. Numerical Results for the Real Transmission
Function
In Fig. 7 the diffracted amplitude distribution due to
the nucleus by itself is displayed. Figures 8 and 9 cor-
respond to the contributions of the cytoplasm and the
membrane, respectively. Important differences were
not found when comparing with the general case, al-
though there is a variation in the spatial frequency
values where the pulses are defined. Still, the maxi-
mum contribution to the total amplitude distribution
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Fig. 2. Nucleus contribution to the total diffracted complex am-
plitude distribution: general case (jr = 7r/8, 'I'c = 0.01, 'I'M =
97r/8).
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Fig. 6. Total diffracted intensity distribution for the general case
( 4 N = ir/8, 'I'c = 0.01, 'bM = 9r/8).
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Fig. 3. Cytoplasm contribution to the total diffracted complex
amplitude distribution: general case (RN = r/8, (PC = 0.01, 'Ji =
9ir/8).
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Fig. 7. Nucleus contribution to the total diffracted complex am-
plitude distribution for the real transmission function.
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Fig. 4. Cellular membrane contribution to the total diffracted
complex amplitude distribution: general case (N = ri/8, 'IC = 0.01,
4IM = 97r/8).
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Fig. 8. Cytoplasm contribution to the total diffracted complex
amplitude distribution for the real transmission function.
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Fig. 5. Total diffracted amplitude distribution for the general case
(4N = r/8, 'J)C = 0.01, 'JM = 9r/8).
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Fig. 9. Cellular membrane contribution to the total diffracted
complex amplitude distribution for the real transmission function.
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Fig. 10. Total diffracted amplitude distribution for the real trans-
mission function.
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Fig. 11. Total diffracted intensity distribution for the real trans-
mission function.
Fig. 14. Membrane contribution to the total diffracted complex
amplitude distribution for the pure phase transmission function (N
= Sir/2, C = °, (PM =ir/2).
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Fig. 15. Total diffracted amplitude distribution for the pure phase
transmission function (AN = r/2, (PC = 0, 'IM = r/2).
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Fig. 12. Nucleus contribution to the total diffracted complex am-
plitude distribution for the pure phase transmission function (4IN =
r/2, -1 = , 4) = /2).
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Fig. 16. Total diffracted intensity distribution for the pure phase
transmission function (N = r/2, 4Ic = 0, (PM = r/2).
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Fig. 13. Cytoplasm contribution to the total diffracted complex
amplitude distribution for the pure phase transmission function (N
= ir/2, Ic = °. IM = r/2).
comes from the membrane region; both total amplitude
and intensity distributions appear in Figs. 10 and 11. In
this case the second secondary maximum present in Fig.
6 disappears.
C. Numberical Results for the Pure Phase
Transmission Function
As in the general case we studied separately the
contribution to the total complex diffracted amplitude
distribution for the nucleus, the cytoplasm, and the
cellular membrane, and we varied the phase values from
= to = 7r/2 and from b = 7r to = 37r/2. The
maximum contribution takes place for the following
phases: N = r/2, 'C = r/2, and 4IM = r/2. These
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results do not have a relevant physical meaning as the
three regions of the cell considered present the same
phase term. Then, we considered the second maximum
value which takes place for b)N = r/2, 4 c = 0, and (DM
= 7r/2. That is, the phase terms for the nucleus and the
membrane are maxima, while the cytoplasm has a
vanishing contribution in the phase. The results ob-
tained are displayed in Figs. 12-14 for the nucleus, the
cytoplasm, and the cellular membrane, respectively.
The total diffracted amplitude and intensity distribu-
tions are shown in Figs. 15 and 16. In the latter, only
a secondary maximum appears as in the real transmis-
sion function case, although it has a higher intensity.
This fact supposes a loss in the information contained
in the diffraction pattern with respect to the general
case.
IV. Conclusions
Several conclusions can be arrived at from the results
presented above:
(1) If a real transmission function for the biological
cell is assumed, there is a strong contribution from the
membrane transmission function.
(2) If we assume that the attenuation coefficient =
1, the pure phase transmission function is obtained. It
is then found that the three separate partial contribu-
tions coming from the nucleus, the cytoplasm, and the
cellular membrane oscillate strongly and it is possible
to define three different profiles in the oscillations of
the three mentioned regions. Note that the positions
of the pulses depend on the spatial frequency values of
the diffraction pattern. In the present study the values
are assumed to be extended to 50 lines/mm. The
maximum contribution to the total diffracted amplitude
distribution corresponds to the membrane zone.
(3) If the transmission function contains real and
complex terms, the most important contribution is from
the membrane region which clearly predominates over
the total amplitude response.
(4) As a resume of the three above conclusions we can
assume that none of the three regions of a biological cell
can be neglected if Fourier analysis s used to obtain
information from its structure. Considering a parabolic
variation for the membrane produces an increase in the
information contained in the cellular membrane.
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